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ABSTRACT 
/ 7  r?B i ,.q 

In order to develop techniques of combustion 
gas analysis in situ for propulsion research applications, 
the dependence of infrared absorptance upon partial pressure 
was investigated for COa and HaO. The random band model 
was used to establish quantitative relationships for use 
in gas analysis. The necessary band model parameters were 
measured in furnace-heated gases, in flat flames on porous 
burners, and in shock-heated gases. The variation of these 
parameters with temperature was measured from 6 0 0 ~ ~  to 
2400°K. 

Explicit procedures were developed to set up 
calibration formulae for gas analysis in situ and to deter- 
mine the parameters needed for applications. -- 
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ANALYSIS OF HIGH TEMPERATURE GASES IN SITU 
BY MEANS OF INFRARED BAND MODELS 

Gunter J. Penzias and G. Jordan Maclay 

The Warner & Swasey Company, Control Instrument Division 

SUMMARY 

I n  order t o  develop techniques of combustion 
gas analysis i n  s i t u  f o r  propulsion research appl icat ions,  
the  dependence of in f ra red  absorptance upon par t ia l  pressure 
w a s  invest igated for C 0 2  and H2O. The random band model 
w a s  used t o  establish quant i ta t ive  r e l a t ionsh ips  f o r  use 
i n  gas analysis. The necessary band model parameters were 
measured i n  furnace-heated gases, i n  f l a t  flames on porous 
burners, and i n  shock-heated gases. 

The band model parameters found f o r  CO2, including 
the  e f f e c t  of nitrogen-broadening a t  4.40+ and 1273OK, were 
( Sold 1 COZ = 3 . 12 a tm- '  cm-' , ( vo/d) co2 = 1.667 atm-', 

(yo/d), = 0.631 atm- '  . 
w i t h  temperature from 600°K t o  2400°K was measured. 

The v a r i a t i o n  of these parameters 

The band model parameters f o r  H2O a t  2.854-1.1 

0.444 a t m - I ,  ( yo/d), = 0.090 atm-'  . 
pera ture  v a r i a t i o n  of the H2O absorptance, an i s o l a t e d  
l i n e  model w a s  used which gave good agreement w i t h  low 
temperature measurements. A n  exact method t o  determine 
Ha0  concentration was t r i e d  which gave fair  agreement with 
experiment. Higher reso lu t ion  s p e c t r a l  data are necessary 
t o  improve the  accuracy of th i s  method. 

To p red ic t  the  t e m -  

Exp l i c i t  procedures were developed t o  set  up, 
c a l i b r a t i o n  formulae f o r  gas ana lys i s  i n  s i t u  and t o  deter- 
mine the  parameters needed f o r  appl ica t ions .  
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I . INTRODUCTION 

The a b i l i t y  t o  determine concentrations of chemical 
species i n  a hot gas, without the  need f o r  removing a sample 
o r  dis turbing the  flow, is des i r ab le  f o r  many appl ica t ions .  
Techniques t o  determine concentrations i n  s i t u  would be 
helpful  i n  the study of rocket nozzle k ine t i c s ,  supersonic 
combustion, and chemical reac t ions  i n  shock tubes. 

red combustion gas ana lys i s  i n  s i t u .  The f e a s i b i l i t y  of 
the  approach was t e s t e d  first by studying i n f r a r e d  spect,-a 
of known gas samples i n  a spec ia l  infrared gas c e l l  heated 
by an  e l e c t r i c  furnace. By means of the heated gas c e l l ,  
absorptances of hot carbon dioxide a t  se lec ted  infrared 
wave lengths  were measured a t  various pressures  and tem- 
peratures .  The gas c e l l  measurements were used t o  s e t  up 
a c a l i b r a t i o n  curve, and this curve was appl ied t o  de te r -  
mining the  COa concentrations i n  a combustion gas a t  the 
same temperature as the  gas c e l l  (1). The r e s u l t s  were 
v e r i f i e d  independently by gas chroztography ana lys i s  . 

The demonstration that infrared techniques could 
be used (1) led t o  f u r t h e r  measurements t o  determine the 
e f f e c t s  OT path length, t o t a l  pressure, and pressure of 
infrared-inact ive add i t ive  gases on the absorptance of the 
infrared-act ive gas (2-4). I n  the  course of th i s  work, 
it became obvious thaTz  purely empirical  approach t o  
s e t t i n g  up ca l ib ra t ion  curves f o r  i n f r a r e d  ana lys i s  i n  s i t u  
would requi re  an impracticably large number of experimental 
measurements f o r  a l l  poss ib le  temperatures, pressures,  and 
mixture ratios. Therefore we next sought t o  reduce t h e  
amount of data required, by making use of the theory of 
molecular spectra  t o  help e s t a b l i s h  quan t i t a t ive  r e l a t ion -  
ships between infrared absorptance and concentration a t  
various temperatures and pressures.  I n  p a r t i c u l a r ,  we 
made use of the  theory of i n f r a red  band models, i n  which 
a t r a c t a b l e  mathematical representa t ion  is used i n  place 
of an  inf ra red  band cons is t ing  of many hundreds o r  thousands 
of s p e c t r a l  l i nes .  We first applied band model theory t o  
descr ibe the absorptance of COa a t  constant temperature (a) . 
Based on t h e  success obtained, e f f o r t s  were expanded t o  
include the va r i a t ion  of temperature i n  the band model 
r e l a t ionsh ip  obtained f o r  COa. Similar  band model r e l a t ion -  
ships were obtained f o r  water vapor. 

T h i s  study has been conducted over a range of 
temperature t i c a l  of ropulsion research. The lower 
temperatures g o  1273OK P have been obtained i n  a quartz  
sample c e l l  heated within an  e l e c t r i c  furnace. Intermediate 
temperatures 

We have s tudied t h e  possible  app l i ca t ion  of infra- 

1400°K t o  1700OK) have been obtained w i t h  
porous metal f l a t  flame) burners (2) . Higher temperatures 
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( t o  240OOK) have been obtained w i t h  a shock tube. 
experimental data and the methods employed t o  determine t h e  
band nodel parameters are discussed i n  de t a i l  i n  t h i s  
report .  
of the research program can be found i n  references 1, 2, 
and 3. 

The 

The r e s u l t s  of the work leading up t o  t h i s  phase 

11. MB'JXODS FOR DETERMINING CONCENTRATIONS 
FROM ABSORPTION MEASUREMENTS 

A. Exact Methods 

centrat ions i s  t o  simply amass absorptance data as  a funct ion 
of temperature, pressure, composition, and geometrical path 
length a t  a l l  the ant ic ipated experimental conditions.  
This method corresponds t o  a c a l i b r a t i o n  scheme and i s  
exact i n  that the determination of concentration i s  as 
accurate  as the ca l ibra t ion  measurements. 
a great many experimental measurements would be required 
t o  cover the range of ant ic ipated conditions.  

A purely empirical approach t o  determining con- 

Qui te  obviously 

The purely empirical approach t o  determining 
concentrations from absorptance measurements i s  crude i n  
that no use is made of  our knowledge of spectroscopy. By 
judicious appl ica t ion  of this knowledge it i s  poss ib le  t o  
considerably reduce the number of experimental measurements 
required.  The general  p r inc ip les  of quant i ta t ive  in f r a red  
spectroscopy are w e l l  known (6) .  If a beam of monochromatic 
infrared rad ia t ion  is sent thyough an  infrared-act ive gas, 
the gas w i l l  absorb some of this r ad ia t ion  whenever the  
frequency of the rad ia t ion  equals a c h a r a c t e r i s t i c  v ib ra t ion  
frequency of the gas molecule. 
beam emerging from the  gas w i l l  be weaker than the inc ident  
beam, by the amount of energy absorbed. The energy absorbed 
is, i n  turn, dependent upon the number of absorbing molecules 
i n  the gas path traversed by the in f r a red  beam. The measured 
strengths of the Incident and 
v are related t o  the 

A t  such a frequency, the 

en t  beams a t  a frequency 
of a l i n e  by 

I a ( v )  = 1 - 'i 
0 

where Io is the strength of the  inc ident  beam, and I is  
the strength of the transmitted beam. This i s  the  formula 
used i n  conventional infrared ana lys i s .  

3 



The monochromatic absorptance a ( v )  of a s p e c t r a l  
l i n e  i s  given as  a function of the  frequency by the equation 

-k(w).t a ( v )  = 1 - e 

where & is  the  geometrical path length.  For a l i n e  w i t h  
a Lorentz line-shape, which i s  the  shape of a l l  i n f r a r e d  
absorption l i n e s  encountered i n  p r a c t i c a l  appl ica t ions ,  
k ( v )  the  absorption coe f f i c i en t  f o r  a l i n e  centered a t  vo 
i s  given by 

S Y 
k(v)  = - 

TT (v-vo)a + Ya 
. (3) 

The abso rp t ion  coe f f i c i en t  k ( v )  defines  a d ispers ion  curve 
whose half-width a t  half t he  m a x i m u m  value of k i s  y .  The 
l i n e  parameter y i s  therefore  ca l l ed  the l i n e  half-width. 
y i s  proportional t o  the number of c o l l i s i o n s  pe r  second 
undergone by an absorbing molecule. Each c o l l i s i o n  i s  
assumed t o  completely i n t e r r u p t  the r a d i a t i v e  process.  
The half-width i s  therefore  d i r e c t l y  proport ional  t o  pressure, 

where yo is  the half-width a t  u n i t  pressure f o r  self-  breaded? (i .e .  f o r  c o l l i s i o n s  between two absorbing 
molecules and P i s  the  pressure of absorbing gas. y g  
i s  the  half-wid& a t  u n i t  pressure f o r  fo re ign  gas broaden- 
ing (i.e. f o r  c o l l i s i o n s  between absorbing molecules and 
o ther  molecules i n  the  gas mixture which do not absorb 
r ad ia t ion  a t  frequency v )  and Pb i s  the  pressure of t he  non- 
absorbing line-broadening gas. 

The parameter S i n  the  absorpt ion coe f f i c i en t  
defined by Eq. (3) is ca l l ed  the l i n e  s t r eng th  and is 
defined by the  equation 

s -  - k(v)dv 
0 

, (5) 
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where the line strength is directly proportional to the 
pressure of the absorbing gas, thus 

P 
a& unit pressure, 

is the pressure of the absorber, and So is the strength 

At a given temperature, each line in the spectrum 

A knowledge of these two parameters and the 

of an absorbing gas can be completely characterized by 
two parameters: 
width y.  
geometrical path length determines the total or integrated 
absorptance of an isolated line. 
W of a single isolated line is defined as 

the line strength S and the line half- 

The integrated absorptance 

w -  - r a(v)dv 
0 

Substituting for a ( v )  from Eq. (2), the integrated absorp- 
tance can be written as 

The integral in Eq. (8) has been evaluated by Ladenburg 
and Reiche (1) to be 

3 ( 9 )  w = 2 n Y  f(x) 

where 

3 
St 
2ny x =  

and f(x) I s  defined by 

f(x) = xe-X { Jo(ix) - iJl(ix) } 
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where Jo(ix) and Jl(ix) are Bessel functions with imaginary 
arguments . 

It would be possible to determine the partial 
pressure of an infrared-absorbing gas in a mixture from 
a measurement of the integrated absorptance of a line in 
a chosen interval, if the center frequencies, strengths, 
and widths of the,lines in the Spectral region of interest 
were known. This could be done at any temperature if the 
temperature dependence of the strengths and widths of the 
lines were also known. This procedure may be denoted the 
exact fundamental method. 

One limitation of the exact fundamental method 
is a lack of knowledge of the strengths and widths of the 
spectral lines f o r  important gases. Another limitation 
to this exact method is that for most molecules, and in 
particular COa and HaO, the individual lines cannot be 
isolated with the standard available spectroscopic instru- 
mentation. This can be circumvented for some molecules 
by measuring the integrated absorptance of all the lines in 
a chosen interval and subtracting correction terms account- 
ing for the overlapping lines. The end points of the 
integrated absorptance, however, must go to zero. This 
condition is met by water vapor for certain spectral inter- 
vals in the 2.7-p band. However, for the 4.3+ CO;, band 
this is not the case, and this exact method could not be 
applied. 

To use this method at various temperatures, the 
temperature dependence of the strengths and widths must be 
known. The temperature dependence of the strengths is known 
accurately. The temperature dependence of the width of the 
lines, however, is not known accurately and no universally 
accepted theory about the temperature dependence of the 
line half-width exists, nor has much experimental research 
been done on this subject. 

B. Approximate Methods 

the infrared absorptance of a gas to its concentration in 
a mixture requires a great deal of fundamental spectro- 
scopic data which may not always be available, it is useful 
in establishing relationships. 
assumptions, as to variations of the strengths, widths, 
line spacing, etc. with frequency, temperature, etc. the 
fundamental relationship can be approximated by some type 
of mathematically derived scheme (i.e. a band model) which 
should give results consistent with those calculated by 
exact methods. Band models are used to relate the average 
absorptance in a given spectral interval to the concentration 

While the exact fundamental approach to relating 

By making some simplifying 
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o r  partial  pressure of the absorber and the  pa th  length.  
The band model technique re l ies  on the  subs t i t u t ion  of 
an  equivalent and mathematically t r a c t a b l e  spectrum f o r  the 
t r u e  spectrum i n  the spec t ra l  i n t e r v a l  of i n t e r e s t .  An 
example of a band model i s  the  Elsasser  (8) model where 
the assumptions made are  constant l i n e  spacing, l i n e  s t rength,  
and l i n e  width. I n  applying the  band model technique, use 
i s  s t i l l  made of some fundamental spectroscopic data. These 
data are referred t o  as band model parameters. An i l l u s -  
t r a t i o n  of a band model ca lcu la t ion  is  that made by S t u l l  
and P l a s s  (2) f o r  HC1 yhich was checked experimentally by 
Babrov (10) . 

To avoid unresolved d i f f i c u l t i e s  (missing values 
of strength, width, e t c . )  i n  the ca lcu la t ion  of band model 
parameters, i t  i s  possible t o  employ a semi-empirical approach 
t o  the  problem of determining these parameters from measure- 
ments of the absorptance and a knowledge of t h e  macroscopic 
coordinates (pressure, path length,  temperature) . Rather 
than p red ic t  ar, absm-ptance f r o m  calculated band model 
parameters and then make a measurement t o  determine t h e  
accuracy of t he  parameters, i t  i s  possible  t o  make t h e  
necessary absorption measurements and from the data obtained 
determine a set  of band model parameters. The band model 
i s  f i t t e d  d i r e c t l y  t o  the  absorptance data taken a t  the 
same temperature and wavelength a t  which measurements t o  
determine species  concentrations w i l l  l a t e r  be made. T h i s  
semi-empirical procedure in su res  t h a t  the band model param- 
eters obtained w i l l  be o f  a n  accuracy dependent only upon 
the measurement accuracy used t o  determine these parameters 
and not upon the va l id i ty  of any mathematical averaging 
technique. 

- 

A l imi t a t ion  of the  empirical  band model approach 
a t  present  i s  tha t  i t  does not  allow one t o  extrapolate  t o  
temperatures higher o r  lower than t h e  range of temperatures 
covered by the experiments performed f o r  t he  determination 
of the band model parameters. 

One pa r t i cu la r ly  usefu l  band model i s  t h e  s ta t i -  
s t i c a l  o r  random band model w i t h  random l i n e  spacing, constant 
i n t e n s i t i e s ,  and constant widths  (11). We have used the 
statistical band model t o  c o r r e l a t r w a t e r  vapor and carbon 
dioxide absorptance data. The methods used t o  f i t  t h e  
s ta t is t ical  band model t o  the  absorptance data and obta in  
the band model parameters are discussed i n  Section 111. 
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111. TECHNIQUES OF FITTING THE STATISTICAL 
OR RANDOM BAND MODEL 

The band model parameters a r e  obtained d i r e c t l y  
from absorptance measurements made a t  a spec i f ied  tempera- 
t u r e  and wavelength. Later  measurements a t  t h i s  same tem- 
perature  or wavelength a r e  then used t o  determine the 
concentration of a mixture whose composition i s  not known. 

given by 
The absorptance of a disordered band (11) - i s  

-W/d a ( v )  = 1 - e 

where C Y ( \ ) )  i s  t he  absorptance and d i s  the mean l i n e  spac- 
ing.  W i s  the in tegra ted  absorptance of any s ingle  l i n e  
i n  the  band and i s  given by t h e  Ladenburg-Reiche formula, 
Eq. ( 9 ) .  

Taking the logarithm of Eq. (12) one obtains  

I n  (W) = W/d J 

where T is  the transmittance and i s  equal t o  I/Io. 
the  funct ional  re la t ionship  between In(  1 / ~ )  w i t h  c e l l  
length and pressure i s  the  same as t h a t  f o r  the integrated 
absorptance. 

Thus 

A frequently employed method of determining S 
and y of a s ingle  l i n e  involved making measurements of the  
in tegra ted  absorptance of an  i so l a t ed  l i n e  as a funct ion 
of the path length.  The graph of in tegra ted  absorptance 
vs length  i n  logarithmic co-ordinates i s  ca l l ed  a curve of 
growth, and from i t s  asymptotic behavior one can obtain 
values of S and y .  The s t a t i s t i c a l  model i ves  the  r e l a t ion -  
sh ip  that ln( l /T)  i s  equal t o  W/d (Eq. (13 

Therefore a band model curve of growth can be used t o  
determine S/d and y/d. 
permits one to determine the partial  pressure (concentration 

A knowledge of these two parameters 
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of absorbing gas) from a measurement of t he  absorptance 
and a knowledge of t he  path length.  I n  case i t  is found 
that  the  experimental data do not determine the usual  curve 
of growth, then e i t h e r  the random model i s  not appl icable  
t o  the absorptance data o r  some funct ion o ther  than f ( x )  
must be used i n  Eq. (14) . The curve of growth method was 
used recent ly  by Oppenheim and Ben-Aryeh (12) f o r  the 
4.3+ region of the  COa spectrum,at 1 2 0 O 0 C  

I n  t h i s  laboratory, another technique has been 
used for f i t t i ng  the  random model t o  absorptance data. 
Our experiments include broadening by ni t rogen and o ther  
gases i n  addi t ion  t o  the self-broadening by the absorber. 
If yo/d and y i / d  a r e  respect ively the  self-broadened half- 
w i d &  and the fore ign  gas broadened half-width, both a t  one 
atmosphere pressure, then i n  a given experiment the com- 
bined half-width i s  given by Eq. (4) .  Equation (4) can be 
rewrit ten,  if the  subs t i t u t ion  i s  made that the mixture 
r a t i o ,  m, equals Pb/P,O Equation (4) then reduces t o  

The expression for t he  logarithm of the rec iproca l  t rans-  
mittance can therefore  be r ewr i t t en  

where 

Note that x is Independent of pressure i f  the mixture r a t i o  
m i s  held constant. 

Equation (16) can be rewr i t ten  
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Where C, constant wi th  pressure,  I s  the s lope of a straight 
l i n e  representing the  graph ln( l /T)  VS Pa. 
random model t o  our experimental data, the parameters 
So/d, yo/d, and yo/d must be determined. Since the re  a r e  . 

t h ree  ufknowns, d s o r p t a n c e  measurements a t  th ree  d i f f e r e n t  
mixture r a t i o s  and/or c e l l  lengths must be made. 

To f i t  t he  

The equations t o  be solved are as follows: 

where 

and 
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The subscr ip ts  1, 2, and 3 r e f e r  t o  the  three d i f f e r e n t  
mixture r a t i o s .  A l l  these measurements, however, are made 
a t  the  same wavelength and temperature. A n  i t e r a t i v e  method 
f o r  so lu t ion  of these equations has been described i n  de- 
t a i l  by Babrov (3). 

t o  the band model i f  only three measurements were made. 
The accuracy of the  values obtained, however, depends on 
the  s e n s i t i v i t y  of the p a r t i c u l a r  experiments conducted. 
I n  p rac t i ce  the  following experimental conditions a r e  used 
t o  obtain maxirmun accuracy. One experiment must be con- 
ducted on pure absorber. For this experiment the value of 
x should be high. 
of absorber and broadener: one of the  measurements should 
have as low an x as possible, and the o ther  experiment a 
very high x. The low x data may be obtained w i t h  a shor t  
path length and a large mixture r a t i o .  The high x data may 
be obtained w i t h  a l a rge  path length  and a mixture r a t i o  
small r e l a t i v e  t o  that used i n  the  low x experiment. The 
greater the r a t i o  of high x t o  low x, the  greater the  accuracy 
of the value determined f o r  So/d. The accuracy i s  a l s o  
improved i f  the  r a t i o  of the path length i n  the two experi- 
ments is  as g rea t  as possible.  T h i s  d i f fe rence  i n  path 
length  i s  desirable because one cannot achieve optimum 
accuracy by manipulation of mixture r a t i o  alone. The m i x -  
t u r e  r a t i o  i n  the high x measurement must not be too  small, 
since it a f f e c t s  the accuracy of the value found f o r  y /d. 
The re l a t ionsh ip  between the r e l a t i v e  e r r o r  ln(Jd7)  an!! the 
r e l a t i v e  e r r o r  i n  yg/d i s  given by 

I n  pr inc ip le ,  one could f i t  the absorptance data 

The other two experiments are on mixtures 
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where 

It can be seen from Eq. (21) that  as m goes t o  zero the  
e r r o r  i n  yo increases rapidly.  
e r r o r s  i n  t h e  determination of yo/d, the mixture r a t i o  used 
t o  determine yo/d should be chosbi so that  t h e  t o t a l  half- 
width i s  due t8 a s ign i f i can t  extent  t o  the  fo re ign  gas 
broadening . 
broadened experiment, i.8. the  experiment w i t h  t he  pure 
absorber. I n  t h i s  experiment, x is high and Eq. (16) can 
be approximated by 

Therefore t o  avoid large 

The value of yo/d is determined from the s e l f -  

Therefore the r e l a t i v e  e r r o r  i n  the  l i n e  width is twice 
the r e l a t i v e  error! i n  ln(l/T) . 

I n  summary, i f  only th ree  measurements a r e  t o  

(1) Short  path, l a r g e  
be made, then t o  obta in  optimum accuracy the  following 
experiments should be performed: 
pressure of broadener r e l a t i v e  t o  the  pressure of absorber; 
(2) long path and moderate ressure  of broadener r e l a t i v e  
t o  pressure of absorber; (37 long path and pure absorber. 
The accuracy of the  determination of t h e  band model param- 
e t e r s  is im roved i f  more than three  measurements a r e  made. 
Since I n ( l  P T )  var i e s  l i n e a r l y  w i t h  pressure a t  a constant 
mixture r a t i o ,  by l o t t i n g  the  r e s u l t s  of a series of 
measurements of I n  7 1/7) a t  d i f f e r e n t  pressures  f o r  a constant 
mixture ratio,the value of C can be accurately determined 
from the slope of the  l i n e .  Clearly, it i s  undesirable t o  
measure absorptances near un i ty  o r  zero f o r  input  t o  t h e  
random band model because the e r r o r  i n  determining ln( l /T)  
becomes extremely la rge .  The techniques mentioned above 
have been used t o  obtain band model parameters f o r  COa 
and a,O and are described i n  Sect ion V below. 

The above discussion pe r t a ins  t o  absorpt ion 
measurements made a t  one temperature. 
pera ture  va r i a t ion  of absorptance as a f'unction of pa th  
length, pressure and concentration, it i s  necessary t o  

To obta in  the tem- 
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perform a series of measurements as described above at 
various temperatures and obtain the band model parameters. 
The parameters can then be graphed as a function of tem- 
perature, for interpolation. 

IV. APPARATUS 

The absorptances of hot CO, and Ha0 were obtained 
from measurements in furnace-heated gas cells, flames, and 
shock-heated gases. The experimental setup used to measure 
the infrared absorptance of CO 
been previously described (1- 7. For the water vapor meas- 
urements, the flushed gas czl z spectrometer system was 
modified by replacing the Littrow mirror in the monochro- 
mator with a diffraction grating. 
tion of the instrument. A lead sulfide detector was also 
used i n  place of the ordinary vacuum thermocouple. 
enabled narrower slits to be used while still maintaining 
a good signal-to-noise ratio. 

and Ha0 in gas cells has 

This improved the resolu- 

This 

To obtain measurements at higher temperatures 
than possible with the electric furnace, a shock tube system 
was used. The driven (low pressure) section consisted of 
several lengths of 304 stainless steel seamless tubing 
having 2$" i.d. and sections flanged at both ends. 

in length, with the point of observation located 13 2 feet feet 
completely assembled the low pressure section was 1 

from the diaphragm. 
was constructed of stainless steel with an overall length 
of 4 feet having a 4 inch i.d. 
the driven section, a smooth converging transition section 
was used. A 2-inch valve was Incorporated into this trans- 
ition section to permit rapid evacuation of the shock tube. 
Figure 1 shows the driver section and the large 2" diameter 
valve in the converging section connected to a 2-inch 
diffusion pumping station backed by a Welch Duo-Seal Pump. 
The diaphragm was located at the upstream side of the trans- 
ition section (I .e. across the 4-inch diameter) , which 
enhances the shock tube operation (14). The diaphragm 
holder I s  shown open i n  F i g .  1. A typical ruptured aluminum 
diaphragm I s  visible on top of the pumping station in Fig. 1. 
Aluminum and Mylar diaphragms were used. 
were ruptured by increasing the pressure in the driver 
section. In all cases, the opening was found to be satisfac- 
tory as evidenced by the petal formation of the ruptured 
diaphragms . 

When 

The driver (high pressure) section 

To connect the driver to 

Both diaphragms 

The shock velocity was measured by using thin 
film resistance probes (14,lZ) . 
and 822 mm before the observation point were used to determlne 

Two probes lgcated 200 mm 



t h e  ve loc i ty .  
and the  resu l tan t  pulse was then displayed on an  o s c i l l o -  
scope modified f o r  a r a s t e r  sweep display (16) . 
mark generator was used t o  time the  r a s t e r  sweep, r e s u l t i n g  
i n  a t i m e  measurement accurate  t o  b e t t e r  than 1 microsecond 
and a resu l tan t  e r r o r  i n  the ve loc i ty  measurement of l e s s  
than #. 

The probe output t r iggered a T m t r o n  c i r c u i t ,  

A t i m e  

The absorptance and imnperature of t he  shock- 
heated COS were measured using a Warner & Swasey Model 301 
High Speed Pyrometer, which cons is t s  of a source u n i t  and 
a receiver-monochromator u n i t .  The instrument was located 
135 f e e t  from the diaphragm, a t  the  viewing sect ion,  which 
contained two 1/8-inch th ick  sapphire windows mounted i n  
l i n e .  The source uni t ,  shown on the  l e f t  i n  F i g .  2, is 
placed on one s ide  of the shock tube and contains a globar, 
Cassegrainian opt ics ,  and a high speed a i r  turb ine  chopper. 
The source un i t  generates a beam of rad ian t  energy modulated 
a t  90,000 t o  180,000 cycles per  second, d i rec ted  through 
the viewing windows i n  the  shock tube, t o  the  receiver-  
monochromator u n i t .  When the  shock passes the  windows, 
the heated gases absorb some of t h i s  modulated rad ia t ion .  
T h i s  reduction of i n t e n s i t y  is a measure of the gas absorp- 
tance . 

The modulated r ad ia t ion  beam from the  source u n i t  
and the radiant  energy produced by the  shock-heated gases 
are co l lec ted  by the receiver-monochromator un i t ,  shown 
on the r igh t  i n  Pig.  2, which i s  located on the o ther  side 
of t he  shock tube from the  source u n i t .  The rece iver  u n i t  
contains Cassegrainian op t i c s  t o  c o l l e c t  the  energy and 
focus it a t  the entrance s l i t s  of the  g ra t ing  monochromator. 
The co l lec ted  energy passes through the monochromator, which 
is set a t  a p a r t i c u l a r  wavelength. The rad ian t  energy 
within the  inf ra red  band passed by the  monochromator is 
focused on an  indium antimonide liquid-nitrogen-cooled 
in f r a red  detector .  The time constant of the de t ec to r  i s  
l e s s  than one microsecond. 
and displayed on a dual-beam oscil loscope. 
is shown i n  F i g .  3 .  The upper modulated t r a c e  is a measure 
of the gas absorptance, and the  lower t r a c e  is a measure of 
t he  s p e c t r a l  radiance, both a t  the  se lec ted  wavelength. 
A standard s t r i p  lamp is incorporated i n  the rece iver  un i t ;  
i t  is used t o  c a l i b r a t e  t h e  spec t r a l  radiance i n  absolute  
u n i t s .  

The data reduction method 

a r e  described I n  great d e t a i l  i n  reference 16. 

The de tec to r  output i s  amplified 
A t y p i c a l  record 

It Is then poss ib le  t o  determine the  gas temperature 
1 ) as well as t h e  absorptance. 

an (-4 the p r inc ip l e  Involved i n  determining the temperature 

The COa-nitrogen mixtures were prepared b the 
method of partial  pressures  i n  a mixing chamber (16 3 and 
were allowed t o  atand f o r  twenty-four hour8 b e f o r r u s e  . 
The shock tube was evacuated t o  a pressure of a few microns 
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before f i l l ing,  and the shock tube system had an  ove ra l l  
leak rate of less than 1 micron per minute. 
var ied from 11 t o  15 mm Hg abs f o r  the CCb-nitrogen mixtures 
and 2 IMII Hg abs f o r  pure Coo. The ava i l ab le  testing t i m e  
was g r e a t e r  than 150 microseconds, whlch was more than 
adequate, I n  vlew of the  microsecond response t i m e  of the 
instrumentation. The initial pressures  i n  the low pressure 
sec t ion  were measured by us ing  a double reduction technique (13) which permitted the in i t ia l  pressure t o  be measured 
t o  .02 mm Hg aba. 

Ini t ia l  pressures  

e l l  length 4 cm 

Mixture r a t i o  
m = Pb/pa 

a 
I 

V. RESULTS 

High x Low x Self  -broadening 

12.7 3.85 7.62 

3.18 33.13 0 

21.92 11.52 11 -81 

1. Random Model F l t  t o  Coo Absorptance Data 

Using the techniques described i n  Sect ion 111, 
the random band model was f i t t e d  t o  COa absorptance measure- 
ments a t  4.40+ and 1273OK. 
are shown i n  Figs. 4 and 5. 
previously reported (1- ) . 
d i t i o n s  are given i n  Ta # l e  I. 

Some of the experimental data 
Additional r e s u l t s  have been 

The s p e c i f i c  experimental con- 



The band model parameters were calculated from 
the experimental data in Table 1 by means of Eq. (19) . 
The results are as follows: 

So/d = 3.12 atm-l-cm -1 

yo/d COa = 1.667 

yo/d Na = 0.631 atrn-l . 
Using these parameters, the partial pressure of CO in an 
unknown mixture can be determined frpm low resolutfon absorp- 
tance measurements (Av = 5 to 40 cm' ) at 4.40-1~ and 1273OK, 
for known geometrical path length 4 and total pressure. 

the random model was used to predict COa at 4.404 and 
1273OK, as a function of absorber pressure and cell length, 
at constant total pressure. The predicted absorptances 
were compared to measured values, with the result shown 
in Fig. 6. 
absorptance is within 3 percent over the entire range of 
conditions. The small dependence of absorptance on cell 
length shown by the calculations is too small to be detected 
experimentally . 

To determine the accuracy of the band model fit, 

The agreement between experimental and calculated 

In addition to 1273OK, measurements were also made 
in the furnace-heated gas cell system at 6 0 0 0 ~  and 900%. 
For these two temperatures, the experimental data were also 
fitted to the random band model, and the agreement between 
experimental measurements and calculated absorptanaes was 
excellent. Results for WO0K are shown in Fig. 7. 

To obtain CO:, absorptance data at temperatures 
above 1273OK, measurements were made with the shock tube 
system, for several mixture ratios and pressures, at 2040°K 
and 2330°K. The temperatures and pressures were calculated 
from the  measured shock velocity. 
by Gaydon (14),we assumed a chemically frozen and vibrationally 
equilibraterstate behind the incident shock. This is a valad 
asumption, since the Coo decomposition I s  relatively slow (22) . 
The emission and absorption records were constant with time- 
during the measurement, as shown in Fig. 4, further substanti- 
ating the assumption. The abso tion data were obtained 
70 microseconds (laboratory tim3 behind the incident shock. 
The gas 

calculations was 

Using the method suggested 

measured by an infrared emission- 
and the agreement with the theoretical 
n the experimental error of 5s. 
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From the  shock tube measurements i t  was o s s i b l e  
t o  determine the band model s t rength parameter So$. 
Additional experimental absorptance data obtained from the 
l i t e r a t u r e  (1 

funct ion of temperature i n  Fig. 8. Similar data f o r  the  
half-width parameter a r e  shown i n  Fig. 9, where the  r a t i o  
of the  half-width parameter a t  temperature T t o  i t s  value 
a t  1273% is  p lo t ted  v s  temperature. Note that t h e  half- 
width parameter increases  with temperature, although i n  
general  one expects the half-width of a s ing le  l i n e  t o  
decrease with increasing temperature. T h i s  apparently 
anomalous behavior of the COa half-width parameter i s  due 
t o  the  increasing number of hot  bands and the  r e su l t i ng  
decrease i n  the  mean l i n e  spacing. The half-width of the  
l i n e  may be decreasing w i t h  increas ing  temperature, but the  
mean l i n e  spacing i s  decreasing more rapidly.  
high temperature measurements were made a t  low values of x, 
and consequently It w a s  not poss ib le  t o  prec ise ly  determine 
the  half-width parameter as a funct ion of temperature above 
1273oK. 
temperature extrapolat ion shown i n  Fig. 9 is  l e s s  than 10%. 

represented by Figs. 8 and 9 cons t i t u t e  the  first attempt 
t o  account f o r  t he  e f f e c t  of temperature on absorptance 
using the  empirical band model approach. 
experimental data current ly  ava i lab le  a t  temperatures above 
1273OK, the  accuracy of the s t rengths  and half-widths i s  
on the  order of lo$, while below 1273OK the  accuracy of the 
parameters i s  b e t t e r  t h a n  3%. 
of these curves, addi t ional  measurements are required w i t h  
t h e  shock tube system and f l a t  flame burners. The use of 
the f l a t  flame burner was l imi ted  by the burner diameter 
and mixture r a t i o  avai lable  f o r  s t a b l e  burning. 
t i o n  has recent ly  been Improved w i t h  the  construct ion of 
several  rectangular  burners i n  our laboratory.  
several  burners i n  s e r i e s  i t  w i l l  be poss ib le  t o  vary the  
path length. 
t i o n  of COa, it  has been suggested (a) that combustible 
gas mixtures of hydrogen, carbon monoxide, and a i r  o r  
oxygen be prepared t o  give the desired partial  pressures  
of COa. The combination of several  burners and a t a i l o r e d  
combustible gas mixture can be used t o  obta in  more data 
t o  improve the accuracy of the s t rength  and half-width curves. 

18) f o r  temperatures between 1400 and 2400OK 
were a l s o  use 3 .-e s t rength parameter is  p lo t t ed  as a 

Most of the  

The e r r o r  i n  SO/d introduced by the half-width 

The r e s u l t s  of t he  band model f i t  w i t h  temperature 

Due t o  the  l imited 

To improve upon the accuracies 

This s i t u a -  

By placing 

To obta in  a g r e a t e r  variance i n  the  concentra- 

It i s  possible  t o  account f o r  the  presence of 
other  broadening gases, u s i n g  r e l a t i v e  ( t o  ni t rogen)  broaden- 
ing, s ince the  e f f e c t  of ni t rogen broadening w a s  determined 
i n  the  s t a t i s t i c a l  model re la t ionships .  The broadening 
e f f e c t s  of oxygen, water vapor, and helium on COa absorp- 
tance, r e l a t i v e  t o  nitrogen, have been previously determined 
(sa). 
measurements w i t h  CO as broadening gas remain t o  be made. 

To Include a l l  the mador products of combustion, 
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2. Random Model Fit to HaO Absorptance 

Using the band model fitting technique previously 
described, water vapor absorptances measured at 2.854-p 
and 12730K were used to obtain the band model parameters. 
The measurements were made in the furnace-heated gas cells. 
The absorptance, expressed as ln(l /T),  was plotted against 
absorber pressure for different mixture ratios and different 
length cells, as shown in Figs. 10 and 11. 
Figs. 10 and 11 are straight lines through the origin, 
confirming that the data can be correlated to the random 
model. The band model parameters obtained from theldata 
at 2.854+ at 1273OK, with a spectral slit of 2 cm' , are 
as follows: 

The curves in 

So/d = 0.320 atm-lcm-l 

yo/d N2 = 0,090 atm-' 

A comparison of the band model parameters and 
experimentally measured absorptances was made for water 
vapor-nitrogen mixtures at constant total pressures in cells 
of different lengths. The results are shown in Pig. 12, 
where the absorptance has been plotted as a function of 
optical depth (Pa4) . 
strongly absorbing water vapor lines at this frequency. 
The relatively high absorptance reduced the experimental 
error for low water vapor concentration measurements. 
However, at this frequency COa also has an absorption band. 
Therefore, when COa is present in the combustion gas stream, 
measurements must be made at some other wavelength where the 
COa does not interfere, in order to determine the Ha0 
concentration. Such a wavelength is 2.506+. Sufficient 
data were obtained at 2.506+, so that the band model param- 
eters could also be determined at this wavelength. (Time 
requirements did not permit determination of the parameters 
at 2.506-p). The accuracy of the measurements at 2.506~ 
I s  somewhat less than for the measurements at 2.854-r~, due 
to the somewhat lower absorptance of water vapor at 2.506+. 

The agreement is quite good.' 

The wavelength 2.854-p was chosen because of the 

Both Ha0 frequencies were chosen away from the 
band center, where the absorption is highest, because the 
optical path must be flushed to eliminate interference by 
atmospheric water. It was found that, while it was not 
possible to eliminate all of the atmospheric water vapor 
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absorption, i t  was possible t o  remove a s u f f i c i e n t  amount 
of water vapor so that no in t e r f e rence  was obtained a t  e i t h e r  
of the  two frequencies used. 

A t  the present  time there  i s  an i n s u f f i c i e n t  
number of experimental water vapor absorptance data a t  
temperatures above 1273OK f o r  use i n  obtaining the band 
model parameters f o r  water. The f l a t  flame burner measure- 
ments made i n  this laboratory were l imi t ed  t o  a narrow 
range of o p t i c a l  depth, With the construct ion of severa l  
rectangular  burners, and u s i n g  a t a i l o r e d  combustible gas 
mixture, it is hoped that the proper type of absorptance 
data can be obtained w i t h  the burners. U s e  can a l s o  be made 
of the shock tube system to obta in  absorptance data a t  higher 
temperatures. 

3. Temperature Dependence of Band Model Parameters f o r  H2O 

t o  p red ic t  the temperature dependence of the bas ic  band 
model parameters, So/d and yo/d. This  procedure can be 
j u s t i f i e d  on the grounds that the l i n e s  within the s p e c t r a l  
s l i tw id th  a t  600W can be considered t o  be the l i n e s  within 
t h e  s p e c t r a l  s l i twidth at  1273OK.  This is due t o  the f a c t  
that a t  1273% only one or two hot bands of the 2.74, 
v3 fundamental band of H,O absorb s ign i f i can t ly .  
analysis ,  t he  band model strength parameter has been assumed 
t o  vary w i t h  temperature i n  the same way that the strength 
of a single i s o l a t e d  water vapor l i n e  va r i e s  w i t h  temperature 
(20). Thus 

A semi-theoretical s ing le- l ine  approach w a s  used 

I n  t h i s  

I n  addition, it i s  assumed that the temperature va r i a t ion  
of the t o t a l  half-width (self-broadened p lus  fo re ign  gas- 
broadened) i s  given by 

where n = 0.6 from 600%~ T < 1200% 

n = 0.66 from 1200% T < 2400% 



These values of n are average values obtained by Benedict 
and Kaplan . Using the temperature relationships given 
by Eqs. (23 
637% at 2. 

(24), the abaorptance of water vapor at 
was calculated and then compared to experi- 

mental measurements made in the gas cells. The results 
are shown in Table 11. 

Table I1 

m m H g  4 cm Measured Predicted 
&(v)  d v )  'Ha0 Hg 'Na 

150 

125 

20.32 0.560 0.542 

312 20.32 0.555 0.537 

The agreement is good. The agreement with experimental 
measurements made with the flat flame burner for Ha-air 
flames at temperatures between 1300°K and 1650°K was poor. 
The poor correlation may be due to experimental error or 
to some error in the temperature relationship given in 
Eqs. (23) and (24). The lack of agreement indicates more 
work is required at higher temperatures. 

4. Exact Fundamental Method Applied to Water Vapor 

In using the band model parameters for water 
vapor, it is necessary to specify the spectral slitwidth. 
This is extremely important for the water absorptance 
measurements, since the absorptance varies with spectral 
resolution. This variation i s  shown in Fig.l3a, where 
ln(l/T) has been plotted against mechanical slitwidth 
(which is directly proportional to the spectral slitwidth). 
In order to use the band model parameters in practice it 
will be necessary to adjust the spectral slitwidth of the 
measuring instrument to be the same as that used to obtain 
the band model parameter fit. Although it is possible to 
do this in practice, it does impose a condition upon the 
use of the band model parameters. To avoid this difficulty, 
a different appPoach to the determination of concentrations 
was attempted, which makes use of the integrated absorptance, 
defined by Eq. (8), rather than the fractional transmittance. 
It is known that the integrated absorptance is insensitive 
to a change In spectral resolution a8 long as the absorptance 
is zero at the end point8 of the integration. For the 
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, .  

spec t r a l  l i n e s  considered i n  the  water vapor measurements, 
around 2.854- and 2.506+, tNs was not q u i t e  the case; 
nevertheless, t he  change In in tegra ted  absorptance as a 
funct ion of s p e c t r a l  s l i twidth was very small, as shown 
i n  Fig. l3b. Since the  use of in tegra ted  absorptance is 
adapted t o  the  exact fhdamental method previously discussed, 
an attempt w a s  made t o  f i t  t h e  two groups of l i n e s  i n  the  
2.7+ band using the  calculat ion.  p e r e  a r e  approximately 
1 2  l i n e s  i n  the 3499.7 -r;3504.7 cm- group, and 11 l i n e s  
near  3989.5 - 3991.6 cm . The bas ic  t h e o r e t i c a l  formulae 
used i n  the predic t ions  permit va r i a t ion  of geometrical path 
length, water vapor pressure, temperature, and pressure of 
broadener. Since ne i the r  the  s t rengths  nor widths of the  
l i n e s  i n  the  i n t e r v a l  chosen had been measured previously, 
t he  were calculated.  I n  addition, Benedict and Kaplan's 
(21y calculat ions,  based on the Anderson theory of pressure 
bxadenlng, were used t o  obtain the half-widths. The l i n e  
s t r eng th  ca lcu la t ions  required a knowledge of two parameters, 
both of which were unknown. One parameter was the band 
s t rength  S of the v3 fundamental band, i.e. the  sum of 
the  strengxhs of a l l  t h e  l i n e s  i n  the  band; t h e  o ther  
parameter was @, which i s  used t o  account f o r  e f f e c t s  coming 
from the  in t e rac t ions  of v ibra t ion  and r o t a t i o n  of the 
molecules. The values of S and B were determined from 
our measurements such that )the calculated in t e rg ra t ed  absorp- 
tances agreed most closely w i t h  t he  measured in tegra ted  
absorptances. The best agreement was obtained when 4 was 
approx&mately equal t o  0.04 and Sv w a s  equal t o  195 cm"/atm-cm 
a t  300 K. 

The agreement between calculated and experimental 
in tegra ted  absorptances was within lo$, which i s  not s u f f i c i -  
e n t l y  accurate  f o r  a concentration determination. The 
discrepancy is due t o  the  unce r t a in t i e s  of the basic  l i n e  
parameters used i n  the  calculat ions.  To measure the  l i n e l  
parameters, a s p e c t r a l  resolut ion of the  order  of 0.1 cm' 
i s  necessary t o  resolve the water vapor l i n e s  i n  the s p e c t r a l  
i n t e r v a l  being considered. Therefore, i n  order  t o  use the  
fundamental approach t o  predict ing the in tegra ted  absorptance 
of water vapor, measurements of the bas ic  l i n e  parameters 
will have t o  be made using high resolut ion.  
t i o n  spectrometer has been constructed i n  our laboratory 
and wil l  be ava i l ab le  shor t ly  f o r  these  fundamental measure- 
ments. With the basic  l i n e  parameters, t he  use of this 
exact fundamental method should be more f r u i t f u l .  

A high resolu-  
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V I .  APPLICATION OF ABSORPTANCE MEASUREMENTS TO THE 
DETERMINATION OF SPECIES CONCENTRATIONS 

With the f i t t i n g  of t he  COO and Ha0 absorptance 
data t o  the  random band model, i t  is now poss ib le  t o  de te r -  
mine species  concentratlons from measured absorptances without 
amassing absorptance data a t  a l l  an t i c ipa t ed  experimental 
conditions.  The following step-by-step procedures can be 
applied i n  determining the concentrations: 

(1) Determine the  geometrical path length  4 i n  cm. 

(2) Determine the  t o t a l  pressure and t he  tempera- 
t u r e  of the  phenomenon being invest igated,  

(3)  Measure the absorptance of t h e  species  t o  be 
determined, a t  t h e  specif ied frequency and s p e c t r a l  s l i t -  
width of the band model parameters t o  be used. It i s  poss ib le  
t o  simultaneously measure the gas temperature by the i n f r a r e d  
emission-absorption method (16 -J- 17). 

(4) From a knowledge of t he  gas temperature, the 
values of SO/d and yo/d are determined from graphs similar 
t o  Figs. 8 and 9. 

through (a), the following equations are solved f o r  Pa, 
t he  pressure of the  absorbing gas i n  atmospheres, which is 
the  desired r e su l t .  

(5) U s i n g  t he  information obtained i n  steps (1) 

X "  A 

The s o l u t i o n  t o  the above equations requi res  t r i a l  and 
e r ro r ;  however the  number of t r ia ls  may be reduced by a 
judicious first choice of Pa, based upon the  t h e o r e t i c a l  
concentrations expected f o r  the gas phenomenon. 
(25) and (26) can be solved graphical ly  a t  a given t e m -  
perature .  The absorptance, which is related t o  ln( l /T)  
can be p lo t t ed  aga ins t  o p t i c a l  depth, Pat ,  a t  a constant 
pressure.  The r e s u l t i n g  graph would be similar t o  Fig. 6. 
Such a graph would be usefu l  f o r  repeated appl ioa t ion  

Equations 
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to the determination of the concentration at one temperature. 
If a narrow range of temperatures and pressures are to be 
considered, then a series of such graphs might be desirable 
as a substitute for the analytical solution to the above 
equations. 

Vu: . CONCLUSIONS 
COO absorptance data have been fitted to the 

random band model, and the effect of nitrogen gas broaden- 
i n g  has been determined. 
been determined as a function of temperature from 600% 
to 2400°K. The effects of the relative broadening ability 
of oxygen and water vapor on CO, have previously been 
determined. The effect of carbon monoxide broadening must 
still be determined. 
eters at temperatures higher than 1273% must be improved 
by obtaining these parameters from more experiments. 

The band model parameters have 

The accuracy of the band model param- 

The random band model has een used to fit the 
water vapor absorptance data at 1273 k K  , including the 
effect of nitrogen foreign gas broadening, Initial attempts 
at determining the variation of absorptance with temperature 
were partially successful. 
temperatures are required. 
with shock tube and burner measurements. In addition, the 
effect of foreign gas broadening must be checked experi- 
mentally for inert gases other than Na, in particular 
CO, Cb, and 00. 

More experiments at higher 
This can be accomplished 

To improve the fundamental approach using the 
integratfd absorptance, high resolution measurements 
(0.1 cm' ) are required. 
using a high resolution spectrometer. 

These measurements can be made 

23 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10 . 
11 . 
12 . 
13 

14. 

15 

16 . 

G. J. Penzias and R. H. Tourin, Combustion and Flame 

G. J. Penzias, H. J. Babrov, and R. H. Tourin, Final  
Report on Phase I of Contract NAS 3-1542 (1961) . 
-' 6 147 (1962). 

G. J. Penzias,  a. J. Maclay, and H. J. Babrov NASA CR 1, 
Final Report on Phase I1 of Contract NAS 3-1542 (1962) . 
R. H ,  Tourin and H. J. Babrov, J. Chem. Phys. 37, 581. 

W. E. Kaskan, Sixth Symposium on Combustion (Reinhold 
Publishing Corp., New York, 1957), p.  34. 

(1962) 

G. R. Harrison, R. C. Lord, and J. R. Loof'bourow, 
Pract ical  Spectroscopy (Prentice-Hall, New York, 1948), 
Ch, 14 and 17. 

R. Ladenburg and F. Reiche, Ann. Phys. 42, 181 (1911) . 
W. M. Elsasser, Heat Transfer by Infrared Radiation 
i n  the Atmosphere (Harvard Meteorological Studies 
No. 6, 1942) . 
V, R. S t u l l  and c). N. Plass, J. O p t .  SOC. Am. 50, 1279 
(1960) 

U. P. Op enheim and Y. Ben-Aryeh, J. O p t .  SOC. Am. 
2, 344 $1963). 
H. J. Babrov, Ct, Ameer, and W. Benesch, AFOSR TR-59-207, 
Final Repor t  under Contract AF18(600)-986, UnlVerSitY of 
Pittsburgh (1959). 

A. a. Qaydon and I. R. Hurle, The Shock Tube I n  High- 
Temperature Chemical Physics (Reinhold Publishing Corp., 
New York, 1962). 

M. Steinberg and W. 0. Davles, J. Chem. Phys. 2, 1373 
(1961) . 
c). 3. Penzias and R. H. Tourin, Technical Report on 
Contract m33( 616) -8319, ARL 63-85 (19631, Wright- 
Patterson A i r  Force Base, Ohio. 

24 



17. R, H, Tourln, Temperature, Its Measurement and Control 
In Sclence and Industry, Vol. 111, C, M. Herzfeld, Ed. 
(Reinhold Publishing Corp ., Mew York, 1962) , Part 2, 
C, C. Ferriso, J, Chem. P h y s .  x, 1955 (1962). 
ch. 43. 

18. 

19. F. Belles, private communication, 1963. 
20. W. S, Benedict, R. Herman, Q, E. Moore, and S. Silverman, 

Can. J. Phys  3, 830 (1956). 
21. W. S. Benedlct and L. D. Kaplan, J. Chem. Phys .  2, 388 

(1959) 
22. T, A. Brabbs, F. E. Belles, and S. A, Zlatarich, 

J, Chem. P h y s .  38, 1939 (1963) . 

25 



Fig. 1. Shock tube  d r i v e r  sec t ion ,  t r a n s i t i o n  s e c t i o n  
w i t h  valve and pumping s t a t i o n .  
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Fig.  2. Warner & Swasey Model 301 High Speed P rometer, 
w i t h  covers removed, i n  p l ace  a t  t h e  sgock tube 
viewing sec t ion .  



1 CM. = 50rnicroseconds (Lab. t ime) 

CO2 + 19N2 

Fig .  3. Typical o sc i l l og raph ic  record of i n f r a r e d  r a d i a t i o n  
of COS behind the i n c i d e n t  shock wave. Modulated 
(upper) t r a c e  r ep resen t s  the s p e c t r a l  absorptance 
and the unmodulated (lower) t r a c e  i s  a measure 
of the  s p e c t r a l  radiance.  
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Fig. 4. COa absorption for several mixtui-e ratios of 

COa and Na a t  4.40-u and 1273OK. 
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